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(54) Load pole stabilized voltage regulator 

(57) A voltage regulator with load pole stabilization 
is disclosed. An error amplifier has a non-inverting input 
receiving a reference voltage and an inverting input re- 
ceiving a feedback voltage from the output of the voltage 
regulator. A gain stage has an input connected to the 
output of the error amplifier and an output connected to 
a pass transistor that provides current to a load. A var- 



iable impedance device such as a PET transistor con- 
figured as a variable resistor is connected between the 
input and output of the gain stage to provide variable 
zero to cancel the varying pole when the output current 
drawn by the load fluctuates. Consequently, the dis- 
closed voltage regulator has high stability without a sig- 
nificant increase In power dissipation. 
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Description 

The present Invention relates to electronic circuits 
used as voltage regulators and more specifically to cir- 
cuits and methods for stabilizing a voltage regulator. 

The problem addressed by this Invention Is encoun- 
tered in voltaqe regulation circuits. Voltage regulators 
are inherently medium to high gain circuits, typically 
greater than 50db. with low bandwidth. With this high 
gain and low bandwidth, stability is often achieved by 
setting a dominate pole with a load capacitor. However, 
achieving stability over a wide range of load currents 
with a low value load capacitor ('-0.1 uF) Is difficult be- 
cause the load pole formed by the load capacitor and 
load resistor can vary by more than three decades of 
frequency and be as high as tens of kHz requiring the 
circuit to have a very broad bandwidth of greater than 3 
MHz. These broad bandwidth circuits, however, are in- 
compatible with the power IC fabrication process used 
to manufacture voltage regulators. 

A prior art solution to the stabilization problem is il- 
lustrated in Figure 1. The voltage regulator 2 in Figure 
1 converts an unregulated V^c voltage, 12 volts in this 
example, Into a regulated voltage Vreg* ^ 
example. An amplifier 6, resistor 22. and capacitor 12 
are configured as an integrator amplifier to set the dom- 
inant pole of the system. Resistor 1 0 is added to provide 
a zero to cancel the pole of the load (load pole). The 
integrator amplifier drives a pass transistor 8 that pro- 
vides current to the load. A feedback network Including 
resistors 14 and 16 form a voltage divider circuit which 
is used to scale the output voltage such that the output 
voltage can be fed back to the Inverting input of an error 
amplifier 4. The resistor 1 8 and capacitor 20 are not part 
of the voltage regulator 2 but rather are the schematic 
representation of the typical load on the voltage regula- 
tor circuit. 

In this prior art example, the zero associated with 
the voltage regulator 2 can be calculated as: 

f 

'zero 2n RC 

Where /?= resistance of the resistor 10 and 
C =r capacitance of the capacitor 12; and 
the pole associated with the pull down resistors and 
load can be calculated as: 



where F?^ = resistance of the load = R14 and Ri6 
in parallel with R18. 

- is the capacitance of C20 which is typically 
around .1 microfarad. 

As can be seen from the above equation, the pole as- 



sociated with the prior art circuit is load {Ri_) dependent 
and can vary from 16 to 32 kHz for an R14 + R16 
equal to 100 kilo-ohms and R18 ranging from 50 ohms 
to 1 mega-ohm. As will be appreciated by persons 

5 skilled in the art. the wide variation of the pole frequency 
is difficult to stabilize and may result In uncontrollable 
oscillation of the voltage regulator. 

A prior art solution to this problem is to change the 
pull down resistors R14 + R16 from 500 kilo-ohms to 

10 around 500 ohms which changes the pole frequency to 
a range of 3.2 kHz to 32 kHz. which is a frequency 
spread of 1 decade instead of 3 decades. However, the 
power dissipated by the pull down resistor RIB Increas- 
es, as shown below: 

IS 

power = (12V-5V) (1,^3^ + lp„„down) = (^v) (100mA) + 
(7v)(10mA) 

20 

Consequently, the 500 ohm resistor adds 70 milli-watts 
of power dissipation In the chip which is approximately 
a 10% Increase In power dissipation for the added sta- 
bility. 

2s Therefore, it is desirable to provide a voltage regu- 
lator with load pole stabilization without significantly in- 
creasing power dissipation. The present invention pro- 
vides this and other advantages as will be illustrated by 
the following description and accompanying figures. 
3Q The present Invention provides a voltage regulator 
with load pole stabilization. The voltage regulator in- 
cludes an error amplifier having two inputs. The first in- 
put receives a reference voltage and the second input 
receives a feedback signal from the output of the voltage 
35 regulator. Theerroramplifieramplifiesthedifference be- 
tween the reference voltage and the voltage of the feed- 
back signal. A gain stage has an Input connected to the 
output of the error amplifier and an output connected to 
an output stage which provides current to a load. Ac- 
40 cording to the principles of the present invention, a var- 
iable impedance device such as a FET transistor whose 
gate is connected to the output of the gain stage is con- 
figured as a variable resistor. When the output current 
drawn by the load fluctuates according to the load con- 
4S dition thereby varying the load pole, the FET transistor 
varies the zero of the voltage regulator to cancel the var- 
ying load pole. Consequently, the voltage regulator ac- 
cording to the present invention has high stability with- 
out a significant increase in power dissipation. 
so Some embodiments of the Invention will now be de- 
scribed by way of example and with reference to the ac- 
companying drawings in which: 

Figure 1 is a schematic diagram of a voltage regu- 
lator according to the prior art. 
55 Figure 2 Is a schematic diagram of a voltage regu- 
lator according to the present invention. 

Figure 3 is a detailed schematic diagram of the load 
pole stabilized voltage regulator of Figure 2 according 
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to the present invention. 

A load pole stabilized voltage regulator 3 according 
to the principles of the present invention is illustrated in 
Figure 2. The load pole stabilized voltage regulator 3 is 
similar to the regulator 2 of Figure 1 except that the re- 
sistor 10 is replaced with a variable impedance device 

7 having an input 9 connected to the output of the gain 
amplifier 6. In operation, when the output current drawn 
by the load fluctuates according to the load condition, 
the load pole frequency also varies. However, the vari- 
able impedance device 7 varies the zero of the voltage 
regulator in a corresponding manner to cancel the var- 
ying foad pole. For example, when the current drawn by 
the load increases, the pole frequency also increases 
and the regulator 3 becomes unstable. The increased 
load current causes the amplifier 6 to decrease its output 
voltage and thereby allows more current to pass through 
the pass transistor 8. In turn, the variable impedance 
device 7 receiving the decreased voltage through the 
input 9 decreases its resistance. The decreased resist- 
ance of the variable impedance device 7 increases the 
zero of the regulator 7 to cancel the increasing load pole 
frequency as will be explained in greater detail with ref- 
erence to Figure 3. 

It Is important to note, however, that while the com- 
pensation capacitor and variable impedance device 7 
are shown as being connected between the input and 
output of the amplifier 6, the capacitor and variable im- 
pedance device can be connected anywhere in the volt- 
age regulator so long as it provides frequency compen- 
sation (e.g., compensated to ground or pole splitting). 
For example, while the input 9 of the variable impedance 
device 7 is shown as being indirectly connected to the 
output of the regulator 3, the input 7 can also be directly 
connected to the output of the regulator. Also, while the 
regulator 3 as shown in Figure 2 includes both the error 
amplifier 4 and the gain stage 6, persons of ordinary skill 
in the art will appreciate that the regulator can be de- 
signed with only the error amplifier 4 without the gain 
stage 6. For example, the output of the error amplifier 4 
can be connected directly to the input of the output stage 

8 and the resistor 10 and the compensation capacitor 
12 can be connected between the output of the error 
amplifier 4 and the inserting input of the error amplifier 4. 

Illustrated in Figure 3 is a voltage regulator 30 ac- 
cording to the present invention. An output 32 of the volt- 
age regulator 30 provides output current to a load 34 
which is represented as a resistor 36 and a capacitor 38 
connected in parallel with each other. A feedback net- 
work 40 connected between the output 32 and ground 
is shown as a voltage divider including series connected 
resistors 42 and 44 and outputting a divided voltage. In 
the embodiment shown, the resistance ratio between 
the resistors 42 and 44 is 4:1. Thus, in a steady load 
condition the divided output voltage is approximately 1 
volt assuming a regulating voltage Vr^q of 5 volts. 

The output of the feedback network 40 is connected 
to an inverting input 48 of an error amplifier 46 through 



a feedback path 50. A non-inverting input 52 of the error 
amplifier 46 is connected to a reference voltage Vp^p, 
1.25 volts in this example. The non-inverting and invert- 
ing inputs 52. 48 are respectively connected to the bas- 
5 es of a pair of differentially connected pnp transistors 
54, 56. The emitters of the pnp transistors 54, 56 are 
connected to a current source 58 and the collectors are 
connected to a current mirror circuit comprising a pair, 
of npn transistors 60. 62. Accordingly, the current flow- 
ing through the npn transistor 60 is mirrored to the npn 
transistor 62. The output 64 of the error amplifier 46 is 
connected to an input 66 of a gain stage 67. 

The gain stage 67 includes a cascade connected 
pnp transistors 68, 72 and a resistor 70 connected be- 
tween the base of the npn transistor 72 and ground. The 
gain stage 67 is a negative gain amplifier where the 
higher input voltage results in lower output voltage at an 
output 74. The output 74 of the gain stage 67 is connect- 
ed to an input of an output stage 76. In the embodiment 
shown, the output stage 76 is implemented as a pass 
element such as a PMOS transistor 78 having a source 
connected to a supply voltage Vqc and a gate connect- 
ed to the output 74 of the gain stage 67. The drain of the 
PMOS transistor 78 is connected to the feedback net- 
work 40 and the output 32 of the voltage regulator 30. 

An operation of the voltage regulator 30 will now be 
explained with an example where the load 34 starts to 
draw more current from the output 32. The increased 
current draw by the load 34 lowers the current flowing 
through the feedback network 40 and its output voltage 
decreases. The decreased output voltage from the feed- 
back network 40 is fed back to the inverting input 48 of 
the error amplifier 46 through the feedback path 50. In 
response, the pnp transistor 56 turns on harder and con- 
ducts more current. The extra current provided by the 
transistor 56 flows through the output 64. Because the 
constant current flowing through the transistor 60 is mir- 
rored to the transistor 62, the npn transistor 68 of the 
gain stage 67 receives the extra cun-ent through its input 

66. Consequently, the transistor 68 draws more current 
and the voltage drop across the resistor 70 increases. 
The Increase in voltage at the base of the transistor 72 
pulls down the voltage at the output 74 of the gain stage 

67. Thus, the gain stage 67 is a negative gain amplifier 
where the Increases in the input voltage results in de- 
creases in the output voltage. The pass transistor 78 re- 
ceives the lower voltage from the gain stage output 74 
at its gate and allows more current to pass through, 
thereby increasing the voltage at the output 32. The volt- 
age at the output 32 increases until it reaches the reg- 
ulating voltage VpgQ. 

To achieve stability in the voltage regulator 30, a 
variable impedance device such as a PMOS FET tran- 
sistor Reff and a compensation capacitor C^^o^p are con- 
nected in series between the output 74 and the input 66 
of the gain stage 67. The compensation capacitor 
Cconip. together with the PMOS transistor R^ff. which is 
configured as a variable resistor, vary the zero of the 
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voltage regulator to track the varying pole ofthe load as 
will be explained below. 

A sensing circuit 80 includes a PMOS transistor 82 
having its gate connected to the output 74 of the gain 
stage 67 and its source connected to the supply voltage 
Vcc- The drain of the PMOS transistor 82 is connected 
to a current nnirror comprised of two npn transistors 84, 
86 having their emitters connected to ground. The col- 
lector of the transistor 86 receives current from a current 
source 88 and is connected to the gate input of the FET 
transistor R^^^. The sensing circuit 80 senses the voltage 
at the output 74 of the gain stage 67 and varies the gate 
to source voltage of the FET transistor and thereby 
changing the resistance across the source and drain of 
the FET transistor Rgfj. Specifically, the PMOS transistor 
82 senses the voltage being applied to Its gate and var- 
ies the current being provided to the transistors 84, 86. 
. The size ratio of the transistors 78 and 82 as shown Is 
approximately 100; 1 so that the transistor 82 dissipates 
very little power. The transistor 84 mirrors the current 
flowing therethrough to the npn transistor 86 and the 
voltage at the gate of the FET transistor R^ff is inversely 
proportional to the load current drawn by the load 34. 

In the example given above where the current 
drawn by the load 34 increases, the load resistance rep- 
resented by the resistor 35 decreases. Since the pole 
frequency is inversely proportional to the load resist- 
ance, the load pole frequency increases and as a result, 
the voltage regulator becomes unstable. To stabilize the 
regulator, the gain stage 67 together with the sensing 
circuit 80 increases the gate to source voltage Vqs oi 
the FET transistor Reff. The FET transistor Rgff is con- 
figured as a variable resistor whose resistance is in- 
versely proportional to the gate to source voltage Vqs 
minus the threshold voltage Vj. Thus, the resistance 
across the drain and source of the FET transistor R^i^ 
decreases. The decreased resistance of the FET tran- 
sistor Reff increases the zero of the voltage regulator 30 
to track the increasing pole frequency of the load 34 
when more current is demanded by the load 34. Con- 
versely, when the current drawn by the load 34 decreas- 
es, the bad pole frequency decreases and the zero of 
the voltage regulator 30 decreases to cancel the de- 
creasing pole frequency of the load 34. Thus, the volt- 
age regulator according to the present invention has 
high stability without a significant increase in power dis- 
sipation. 

While the word "connected" is used throughout the 
specification for clarity, it is intended to have the same 
meaning as "coupled." Accordingly, "connected" should 
be interpreted as meaning either a direct connection or 
an indirect connection. For example, the gate Input of 
the FET transistor R^ff is coupled or indirectly connected 
to the output 32 through the sensing circuit 80 and the 
PMOS transistor 78. 

From the foregoing it will be appreciated that, al- 
though specific embodiments of the invention have 
been described herein for purposes of Illustration, vari- 



ous modifications may be made without deviating from 

the spirit and scope of the Invention. Accordingly, the 
invention is not limited except as by the appended 
claims. 

5 

Claims 

1. A voltage regulator, comprising: 

10 

an error amplifier having a first input for receiv- 
ing a reference voltage, a second input, and an 
output; 

a gain stage having an output and an input con- 
is nected to the output of the error amplifier; 

a compensatbn capacitor connected to the 
gain stage; 

an output stage having an input connected to 
the output of the gain stage; 

20 a feedback path connected between the sec- 

ond input of the error amplifier and the output 
of the output stage; and 
a variable impedance device having an input 
connected to the output of the gain stage and 

25 operable to vary the zero of the voltage regula- 

tor as the output current of the voltage regulator 
varies. 

2. The voltage regulator of claim 1 , further comprising 
30 a sensing circuit having an input connected to the 

gain stage and an output connected to the input of 
the variable impedance device. 

3. The voltage regulator of claim 2 wherein the sens- 
es ing circuit comprises: 

a sensing transistor connected to the output of 
the gain stage; and 

a current mirror connected to the sensing tran- 
40 sistor and the input of the variable impedance 

device. 

4. The voltage regulator of claim 1 wherein the varia- 
ble impedance device and the compensation ca- 

45 pacltor are connected in series between the input 
and output of thie gain stage. 

5. The voltage regulator of claim 1 , further comprising 
a feedback network connected between the output 

so stage and the feedback path. 

6. The voltage regulator of claim 5 wherein the feed- 
back network includes a voltage divider. 

ss 7. A voltage regulator to generate a regulated output 
voltage, comprising: 

an error amplifier having a reference Input to 
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- receive a reference voltage and a feedback in- 
put coupled to the regulated output voltage^ the 
error amplifier generating an error signal indic- 
ative of a difference between said reference in- 
put and said feedback input; and 
a compensation circuit coupled to the error am- 
plifier to compensate for current fluctuations in 
the regulated output voltage, the compensation 
circuit including a variable impedance device 
having an input coupled to the error amplifier 
and operable to vary a frequency zero of the 
voltage regulator as the current fluctuates in the 
regulated output voltage. 

8. The voltage regulator of claim 7 further comprising 
a sensing circuit having an input and an output con- 
nected to the input of the variable impedance de- 
vice. 

9. The voltage regulator of claim 8 wherein the sens- 
ing circuit comprises: 

a sensing transistor coupled to the regulated 
output voltage to sense the current drawn from 
the voltage regulator; and 
a current mirror connected to the sensing tran- 
sistor and the input of the variable impedance 
device. 

10. The voltage regulator of claim 9 further including a 
compensation capacitor in the compensation circuit 
wherein the variable impedance device and the 
compensation capacitor are connected in series be- 
tween the input and output of the compensation cir- 
cuit. 

11. The voltage regulator of claim 7 further comprising 
a voltage divider connected between the regulated 
output voltage and the feedback input to divide the 
regulated output voltage. 

12. A voltage regulator, comprising: 

an error amplifier having a first input for receiv- 
ing a reference voltage, a second input for re- 
ceiving the regulated output voltage, and an 
output, the error amplifier operable to amplify 
the voltage dllference between the first and 
second inputs; 

an output stage having an input connected to 
the output of the error amplifier and an output 
for providing the regulated output voltage to a 

load; 

a variable impedance device having an input 
connected to the output of the gain stage, the 
variable impedance device varying its resist- 
ance responsive to change in its input voltage 
to vary the zero of the voltage regulator as the 



output current of the voltage regulator varies; 

and 

a feedback path connected between the sec- 
ond input of the error amplifier and the output 
5 of the output stage. 

1 3. The voltage regulator of claim 1 . claim 7 or claim 1 2 
wherein the variable impedance device is a FET 
transistor. 

10 

14. Thevoltageregulatorof claim 12 further comprising 
a sensing circuit having an input connected to the 
output stage and an output connected to the input 
of the variable impedance device, the sensing cir- 

is cuit operable to sense the output level of the regu- 
lated output voltage. 

15. The voltage regulator of claim 12. further compris- 
ing a gain stage connected between the error am- 

20 plifier and the output stage wherein the variable im- 
pedance device and the compensation capacitor 
are connected in series between the input and out- 
put of the gain stage, and wherein the variable im- 
pedahce device, the compensation capacitor and 

25 the gain stage together form an integrator amplifier. 

16. The voltage regulator of claim 12. further compris- 
ing a voltage divider connected between the output 
stage and the second Input of the error amplifier. 

30 

17. A method for stabilizing a regulating voltage from a 
voltage regulator having a load pole by generating 
a load pole canceling zero, the method comprising 
the steps of: 

35 

generating a signal that varies with the load cur- 
rent of the voltage regulator; and 
driving a control input of a variable impedance 
device with the generated signal to vary the re- 
40 sistance of the variable impedance device. 

whereby the zero of the voltage regulator varies 
as a function of the load current to cancel the 
load pole of the voltage regulator. 

45 18. A method for stabilizing a regulating voltage from a 
voltage regulator having a load pole, the method 
comprising the steps of: 

generating a signal whose level varies with the 
so load current of the voltage regulator; and 

controlling a variable impedance device with 
the generated signal to vary the zero of the volt- 
age regulator as the load current varies. 

ss 19. The methodaccordingtoclaim 18. wherein the step 
of driving a variable impedance device comprises 
driving the gate of a FET transistor. 
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